In arid areas, with rivers functioning episodically, alluvial resources are the main source of water. Considering the intensified regulation of discharge in montane catchments, supplying the intermittent rivers, in the nearest future alluvial aquifers will gain key importance for the functioning of people in arid zones. The research aimed to investigate the diversified chemistry of alluvial waters typical of large intermittent river valleys in hot arid zones as well as to analyse processes determining the water chemistry and affecting its diversity. The detailed study, carried out in October 2015, covered the Draa river valley (1100 km total length) in the region of the Mhamid Oasis. The examined water was sampled from all wells found in the study area. , as well as trace elements: Al, As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Sr, and Zn, were identified. Results were analysed with statistical, hydrochemical, and geochemical modelling methods. Alluvial waters of the eastern and western part of the oasis differed in concentrations of numerous components, what resulted from the regulation of irrigation. Specific electrical conductivity showed a 3.5-fold increase, from 3800 to 13800 μS/cm, consistent with the direction of water flow in the oasis, from east to west. Even a greater rise was observed for ions: Cl -(6x), Na + (5.5x), Mg 2+ (5.0x), Ca 2+ , and SO4 2-(3.5x). Such a composition indicated multiionic hydrochemical type of waters dominated by Na + and Cl -. Additionally, high Pearson correlation coefficients were recorded for Na + and Cl -(0.98) as well as Mg 2+ and Cl -(0.97). The saturation index suggested that the main water components originated from dissolving of minerals such as halite, anhydrite, sylvite, and gypsum. Groundwater chemistry in the Mhamid Oasis was determined mainly by geogenic processes, such as dissolving of evaporates, precipitation of carbonate minerals, and ion exchange.
Introduction
The groundwater chemistry is determined mainly by geogenic substances, namely ones originating from the rock medium. Water-bearing levels are also supplied by anthropogenic substances, affecting water chemistry to a various extent, both in a local and regional scale.
However, not only man-made substances discharged to waters can be harmful to human organism, natural ones impose such a threat as well. This issue is of particular importance in hot arid areas, groundwater of which shows high salinity resulting from geogenic processes [1, 2] . An increasing number of studies also points to high nitrate concentration caused by human activity [3] [4] [5] [6] [7] . Therefore, it is crucial to investigate the variations, often observed even on small areas, in the chemistry of waters to assess their suitability for irrigation [5, 6, 8, 9] and drinking purposes [5, 10] . Such analyses are most important for regions with strongly limited resources of high-quality waters [11] [12] [13] , where human impact, including intensive exploitation of waters [14] , should involve protection of the groundwater threatened with contamination.
Hydrochemistry of the Draa river catchment area has been previously studied i.a. by [15, 16] , who already noticed that its water salinity increases from north to south, according to the direction of river flow. Similarly as in other Moroccan catchments, catchment area of the Draa river is also marked by high concentration of nitrates, locally exceeding the allowable limit set for drinking water by WHO (World Health Organization) at 50 mg/dm 3 [16] . According to [16] , the three most distant oases, Fezouata, Ktaoua, and Mhamid, located in the lower part of the middle Draa river, are particularly affected by implications of high water salinity. The decrease in water resources of this region is strictly associated not only with droughts, recorded here during the last several years, but also with regulation of water outflow and its storage in reservoir Mansour Ed Dahbi in the upper part of the river. Considering the environmental vulnerability index [14] classifying this region as prone to climate changes and anthropogenic action, emphasized the lack of sustainable water and agriculture management in the area, resulting in lower water quality and crop yield and consequently worse life conditions for local residents.
The present paper aimed to present the diversified chemistry of alluvial waters typical of large intermittent rivers in hot arid zones, as observed in small scale, as well as to investigate processes determining water chemistry and influencing its diversity.
Study area
The study was carried out in the Mhamid Oasis (Coude du Draa region), the southernmost of 6 oases of the Middle Draa valley (Fig. 1 ). The Draa is Morocco's longest river, 1100 km and the drainage basin covers 13500 km 2 . This intermittent river is formed by the confluence of two large rivers: Imini Ouarzazate and Dades, supplied by rain and meltwater flowing from the High Atlas Mountains. Since building the Mansour Ed Dahbi dam in 1972, water flow in the Draa river has been regulated. At the time of construction, the total volume of the reservoir was 560·10 6 Mhamid is the southernmost oasis in the Middle Draa valley, ca. 200 km to the south of Mansour Eddahbi reservoir. It has an area of 3305 ha, but among them only 2231 ha are cultivated. Approximately 131 000 date palms grow in the Mhamid Oasis. The oasis is situated in a large latitudinal depression between Jebel Bani in the North and Hamada du Dra in the South. The depression is filled by five levels of Quaternary alluvial fans, recent alluvial deposits, lacustrine deposits and sand dune deposits [19] . The study is conducted on a flat lower river terrace in the Mhamid Oasis. The terrace is composed of alluvial deposits, dominated by gravels and cobbles, which origin from various igneous (granite, rhyolite), metamorphic (gneiss, schist) and sedimentary rocks (sandstones, quartzite sandstones, limestone). Water discharged from Mansour Eddahbi reservoir flows 4-5 times a year, primarily to the Mhamid Oasis. It is retained at the Bounou dam above the oasis where it is distributed for irrigation through a major open channel system called seguias. The main channels of the system are concrete, whereas subsidiaries are mainly mud channels. The remaining waters (about 50 %) supply the alluvia filling the Draa river channel. Water, infiltrating the alluvia, supplies wells within the Mhamid Oasis. The total area of the aquifers in the Mhamid part of the Middle Draa valley is 70 km 2 . The aquifers store 16.8 Mm 3 of natural water reserves. Roughly 60 wells with motor pumps are located within the oasis, however due to economic reasons more than half of them are not in use.
Research methods
Fieldwork was carried out in October 2015 in the area of the Mhamid Oasis, situated in the Draa river valley. All 47 (Fig. 2 ) wells of the oasis were subjected to measurements of the depth of groundwater level and well bottom. Basic physicochemical parameters of groundwater, such as temperature, T, specific electrical conductivity, EC, and pH, were measured in situ. EC and T were measured with a conductivity meter (CC-401, Elmetron), with automatic compensation to a reference temperature of 25 °C and accuracy of ±1 % and ±1 °C, respectively. The pH was measured with a pH meter (CP-411, Elmetron), with an accuracy of 0.01 pH units. From active wells, 42 water samples were taken for further laboratory analyses. All the samples were collected in tight capped polyethylene bottles and stored under low T conditions. Prior to analyses, the samples were filtered through the Whatman glass microfiber filter (filter size: 25 [20, 21] with the STATISTICA 9.0 software. Since the data showed normal distribution, the Pearson linear correlation coefficient (r) was calculated to evaluate correlations between the variables. Cluster analysis was used to search for patterns in the data set by grouping the (multivariate) observations into clusters. The goal is to find an optimal grouping for which the observations or objects within each cluster are similar, but the clusters are dissimilar to each other. Clustering was based on the Ward method and Euclidean distance. Structures and factors affecting the chemistry of waters were identified with the exploratory factor analysis (EFA).
The water quality of each sample was plotted on a classical Piper diagram, referring to the concentrations [meq/dm 3 ] of hydrochemical components [22] . This diagram provides a convenient method to classify and compare water types based on the ionic composition of different water samples [23] .
The saturation index, SI, for the measured chemical composition of water samples was calculated using PHREEQC Interactive (USGS, 3.3.3-10424) as SI = log (IAP/Ks), where IAP is the ionic activity product and Ks is the mineral solubility equilibrium constant [24] . The calculation of SI was carried out to understand the thermodynamic equilibrium between the dissolved and solid phases in the groundwater. Equilibrium is indicated when SI = 0. If SI > 0, groundwater is considered supersaturated, and if SI < 0, groundwater is undersaturated. Due to analytical errors and natural diversity in mineral properties, the water-phase equilibrium is assumed for SI values oscillating around SI = 0, most commonly ±5 % log Ks.
To validate the possibility of using the water for irrigation, the sodium adsorption ratio (SAR) was calculated, with the following formula:
= Na 
Below stated mass relationships between the ions were established as well:
The type of ion exchange was deduced from the base exchange index (BEI), given by the following formula: .
Quality assurance and control
The ionic (charge) balance error, expressed as the difference between cation and anion charges divided by their sum and multiplied by 100 %, did not exceed 10 %. Table 1 presents concentrations of heavy metals determined in the CLMS-2AN certified reference material (SPEX CertiPrep, USA) with the ICP-MS-TOF mass spectrometer. Table 2 includes concentrations of main ions identified in the KEIJM-02 certified material (Environment Canada) with the ICS 3000 (Dionex) ion chromatograph. 
Results
Results obtained in the study showed that the groundwater level varied between 6.5 and 14.0 m below ground level. Height of the water column in wells ranged from 0.5 to 11.0 m, attaining a mean of 3.0 m. Different values were obtained for the newly drilled well No. 57, with a 15.0 m high water column and groundwater level recorded at the greatest depth of 17.0 m below ground level. Groundwater temperature in wells, amounting to 24.2 °C on average, was similar to the mean air temperature in the region, as recorded in October, 23.5 °C, and annually, 22.8 °C.
Descriptive statistics for physicochemical variables investigated in the study area were provided in Table 3 while the spatial distribution of selected parameters within the Mhamid Oasis was presented in Figure 2 . For most parameters, concentration increased according to the direction of water flow in alluvia (see Fig. 1 ), from east to west. Only occasionally, when the channel was filled with water, the flow became east to south-west oriented. The concentration increased with the direction of water flow for cations of calcium (3.5x), magnesium (5.0x) and sodium (5.5x), anions of chloride (6.0x) and sulphate (3.5x), as well as trace elements such as copper and lithium (3.0x), iron and nickel (5.0x), arsenic (6.0x), strontium (8.0x), cobalt (20.0x), and chromium (35.0x). Other parameters displayed a mosaic distribution and were recorded in higher concentrations only in several wells. Such an observation was made mainly for trace elements, such as cadmium, zinc, lead, and manganese, as well as nitrogen forms, namely ammonium ions and nitrates. The greatest concentrations of manganese, potassium, lead, and zinc, amounting to 0.2 mg/dm Water pH values, falling within the range of 6.8-7.9, indicated neutral to weak alkaline reaction. Specific electrical conductivity of the examined waters varied between 3800 to 13766 μS/cm, pointing to salt water, with a 3.5-fold increase in salinity from the eastern to western part of the oasis (Fig. 3) .
The The saturation index calculated for selected minerals in particular wells (Table 4 ) attained the following values: 0.4 < SI < 1.4 for calcite, 0.8 < SI < 2.9 for dolomite, 0.2 < SI < 1.3 for aragonite, -0.5 < SI < 0.1 for gypsum, -0.8 < SI < -0.2 for anhydrite, -5.1 < SI < -3.9 for halite, and -6.7 < SI < -5.2 for sylvite. Such values of the saturation index indicate dissolving of minerals with chemical composition including sodium chloride, potassium chloride, and calcium sulphate, as well as precipitation of minerals comprising calcium and magnesium carbonates. The calculated R coefficients ( (Fig. 4) . . Therefore, the hydrochemical type of water [23] , presented in the Piper diagram (Fig. 5) , can be described as multiionic with Na-Ca-Mg-Cl-SO 4 dominance. Waters comprising macrocomponents in nearly equal proportions were also recorded in other alluvial aquifers of arid and semi-arid zones [2, 5, 8] . Multiionic hydrochemistry results from several processes affecting the chemical composition of waters. One of most important factors determining the groundwater chemistry in arid climate is evaporation [26, 27] , particularly capillary evaporation. Groundwater rises towards the surface through pore spaces and evaporates, leading to precipitation of salts, afterwards dissolved by alluvial waters supplying the wells.
Processes proceeding between the water and rock medium and therefore influencing groundwater chemistry can be deduced from the saturation index (Table 4) . SI values obtained in geochemical modelling evidence that the groundwater was undersaturated with respect to minerals such as halite, gypsum, and anhydrite. However, when considering gypsum and anhydrite, numerous samples were in a near-equilibrium state (SI between -0.5 and 0.5). SI values recorded for halite displayed a trend pointing to this mineral as the principal source of Na + and Cl -supplied to groundwater. The mainly halite-dissolution origin of these ions in alluvial waters was also reported by [7] and [16] . Chloride ions may have also derived from dissolving of sylvite, evidenced by SI < 0, or weathering of carbonate and clay rocks. Another ion determining the hydrochemical type of water was sodium. For the examined samples, its origin also can be linked to dissolving of evaporates, primarily halite. The rNa The investigated alluvial waters were also abundant in calcium and magnesium cations, provided to groundwater by dissolving of sulphate and carbonate minerals. According to geochemical modelling, Ca 2+ was supplied by gypsum and anhydrite, both being also the source of SO 4 2- . Dissolving of evaporates as the process giving origin to SO 4 2-ions was also supported by the strong correlation (0.97) between SO 4 2-and Sr 2+ (Fig.  6 ). In evaporates, strontium is frequently found as the celestine mineral (SrSO 4 ), accompanying gypsum deposits. Following [28] , molar concentration of rSr . The value of 0.001, confirming the assumptions by [28] , was recorded in 95 % of the examined water samples (40 wells). Such a source of sulphates and mean rSr 2+ /rCa 2+ value of 0.0038 was also observed by [29] in alluvial waters of the Maider catchment, ca. 200 km to the east of the study area.
Similar concentrations of macrocomponents in groundwater were also established for other Moroccan areas [3, 6, 30] . However, the values recorded in alluvial waters of the Draa river were higher than in Oman [31] or Tunisia [7] .
Diversity of groundwater chemistry
The study results showed that concentrations of the considered parameters varied within the oasis area. What is most important, the content of ions determining the hydrochemical type of water increased according to the main direction of flow in the Draa river channel, from the east to west. This observation was supported by data on electrical conductivity, highest value of which (nearly 14000 μS/cm), recorded in the western part of the Mhamid Oasis, was nearly 3.5-fold greater than in the eastern part. Salinity increased primarily due to supply of sodium, chloride and sulphate ions (Fig. 7) , originating, as already mentioned, from dissolving of halite and gypsum. However, although the ions were provided to alluvial waters of the Mhamid Oasis by geogenic processes, the spatial variation in concentrations should be linked to regulation of flow in the Draa river channel.
High EC values recorded in the Mhamid Oasis resulted from the fact that this most distant among six oases in the middle Draa river valley was also the first one to receive waters discharged from reservoir Mansour Ed Dahbi. Table 6 presents minimum and maximum EC measured in the area of all the oases and in reservoir Mansour Ed Dahbi, following [16] . In relation to the reservoir, EC of alluvial waters displayed a 3-4-fold increase in the first three oases, Mezguita, Tinzouline, and Ternata, and a 12-15-fold increase in the last three oases, Fezouata, Ktaoua, and Mhamid.
Alluvial waters were supplied due to infiltration by waters flowing in the Draa river channel, during water discharge from reservoir Mansour Ed Dahbi. At discharge, the waters were easily enriched with salts, originating from dissolving of evaporates precipitated in the unsaturated zone. The evaporates were formed in periods of drying out of the channel, each time the regulated flow was ceased. Waters flowing in the Draa river channel could be additionally enriched with salts due to lateral flow of external saline surface tributaries and/or adjacent groundwater [16] . Such processes were observed in the ca. 300 km long river segment between reservoir Mansour Ed Dahbi and the Mhamid Oasis. Consequently, waters reaching the dam closing the channel above the Mhamid Oasis showed very high conductivity, up to 14000 μS/cm, and included Na , and Mg 2+ as main components [32] . The waters supplied the alluvial groundwater of the Mhamid Oasis down to its western end, consistently with the main, east to west oriented direction of flow. In the entire oasis area, water flew only in the alluvia, as surface flow was blocked by the dam above the oasis. Several hours after discharge, when most salts were already washed out from the channel, waters reaching the dam above the Mhamid Oasis displayed lower EC, ca. 2500 μS/cm. The lowest recorded values attained ca. 1100 μS/cm and were close to ones reported for reservoir Mansour Ed Dahbi [16] . Low salinity waters coming after the high salinity ones did not reach the western part of the oasis. This may have resulted from the fact that the flow of low salinity waters lasted for a shorter time or was limited by the presence of high salinity waters, with higher density. Waters discharged from the reservoir flew to the alluvial waters for ca. 4-7 days. After this supply was stopped, groundwater chemistry within the oasis was determined primarily by geogenic processes. The chemistry was rather not affected by the lateral flow from the Jebel Bani area, surrounding the Draa river valley from the north, as the chemical composition of alluvial waters was very similar within the Mhamid Oasis, however different from groundwater supplied from Jebel Bani (Fig. 8) . Chemometric analysis indicated that concentrations of HCO 3 -and K + differed from other macrocomponents (Fig. 4) . Correlation coefficient between the parameters attained 0.54 and both were not significantly correlated with other water components. Content of HCO 3 - , varying between particular areas and also recorded in alluvial waters of western Morocco by [5] , points to lack of a universal carbonate buffer system (Fig. 9) . Such waters may be prone to pH changes and consequently, due to poor buffering capacity, vulnerable to contamination. Bicarbonates found in groundwater originated primarily from leaching of carbonate rocks and dissolving of atmospheric and soil carbon dioxide in water. Occurrence of the ions usually results from a natural factor [2, 33, 34] .
Presence of potassium ( Fig. 10 ) in waters also should be linked to natural factors. In arid climate, the ion may be released by leaching of evaporates, particularly sylvite (KCl), being an easily soluble potassium salt, as evidenced by its saturation index (-6.0 on average). Groundwater may be supplied not only by substances from the water-bearing level but also by ones introduced in human activity. In the study area, the potential influx of agricultural and household contaminants to the water-bearing level was strongly limited due to intensive evaporation and infiltration of waters from the surface area only to the depth of ca. 0.5 m. Nevertheless, despite of hindered infiltration of the water-bearing level, several wells in the oasis displayed elevated concentrations of potassium, ammonium ion, and nitrates. The mean potassium content in shallow groundwater of the terrestrial saline zone is assumed at 18.4 mg/dm 3 . In 12 % of wells in the oasis, this value was exceeded. , respectively). Diversified concentrations of nitrates in groundwater, resulting from agricultural activity and penetration of household contaminants, were already documented in numerous Moroccan regions, e.g. the Essaouira Basin [35] , the Triffa Plain [6] , the Ziz Basin [3] , and the Figuig Oasis [36] . However, in the Mhamid Oasis wells showing high concentrations of K + , NH 4 + , and NO 3 -may have been directly contaminated as the oasis does not have a sewage system. When considering trace elements, the greatest variability was observed for (in descending order): cadmium, zinc, and lead. The elements were recorded in low concentrations in groundwater as their migration to waters was limited by intensive sorption to clay minerals and low permeability of clay rocks in the study area (filtration coefficient of 10
-6 m/s).
Assessment of water suitability for irrigation and drinking

Assessment of water suitability for irrigation
Suitability of alluvial waters for irrigation purposes was assessed with the sodium adsorption ratio (SAR), an index commonly used for such evaluation in semi-arid and arid areas [8, 37] . Results of analysis carried out for alluvial waters in the Mhamid Oasis were presented in Figure 11 . Similarly as in other Moroccan regions [5, 29] , the waters displayed high and very high level of salinity for the plants and most samples presented an alkali hazard to the soil. The highest SAR value (16) was recorded in the northern, while the lowest (5) in the southern and eastern parts of the Mhamid Oasis. Much lower SAR (0.6-1.9) was observed in waters flowing from the Jebel Bani area, located ca. 10 km to the north of the Mhamid Oasis. According to the SAR versus EC plot, alluvial waters of the Mhamid Oasis should not be used for irrigation, particularly of plants intolerant to highly saline waters. These types of waters are suitable only for salt tolerant crops. Another issue arises from the fact that if irrigation water with high salinity hazard is applied to soil for years, sodium from the water can displace calcium and magnesium in the soil. This decreases the ability of soil to form stable aggregates and therefore causes loss of soil structure and tilth. The consequent decrease in soil infiltration and permeability to water leads to problems with crop production [38] . Although according to the SAR classification [39] 62 % of the waters can be recognized as excellent and 38 % as good for irrigation, considering the EC values, attaining a mean of 7 988 μS/cm, 100 % of the waters should be categorized as poor for irrigation purposes.
Assessment of water suitability for drinking
Assessment of oasis waters suitability for drinking purposes should consider the time variability of their particular components [40, 41] . Table 7 shows the percentage number of samples with exceeded allowable limits set for drinking water by the World Health Organization (WHO) and European Union (EU) in its directive.
The obtained results indicate that groundwater of the Mhamid Oasis does not meet the requirements defined by the WHO and/or EU for drinking water. The limits were exceeded in 100 % of samples for parameters such as EC, Ca , Fe, and As, as well as in 36 % of samples in case of Ni (EU standard). Although this contamination is of geogenic origin, the waters are not suitable for consumption by people, what has been also emphasized by e.g. [1] . The allowable limit for NH 4 + was exceeded in 64 % of samples, indicating local anthropogenic water pollution, restricted to several wells. However, oasis groundwater was not typified by overnormative concentrations of NO 3 - , frequently observed in other regions of Morocco [3] [4] [5] 42] . 
Conclusions
The aim of the present study was to identify processes determining the variations in chemistry of groundwater alluvial waters used for agriculture within oasis in hot arid zone. The study was conducted in relatively small Mhamid oasis, in southern Morocco. The applied statistical, hydrochemical, and geochemical modelling methods allowed identification of the main processes determining the chemical composition of alluvial waters in the Mhamid Oasis, namely: dissolving of evaporates, particularly halite, precipitation of carbonate minerals, particularly calcite and dolomite, and ion exchange involving replacement of Ca 2+ by Na + . Despite the small surface of study area, alluvial waters from the eastern and western part of the oasis appeared to strongly differ in concentrations of investigated parameters. Within the Oasis, EC values and concentrations of main components in the alluvial waters displayed generally a several-fold (3.5-6.5x) increase, with a maximum rise recorded for cobalt (20x) and chromium (35x). This resulted from the east to west water flow in the alluvia and regulation of flow in the Draa river. Several times higher concentration of ions responsible for salinisation of water and consequently of soils in the western part of the oasis have significance for the agricultural activity of inhabitants of these areas. There has been observed a steady decrease in water recharge of alluvial deposits in the western part of the oasis, which leads to a further increase in water salinity and may cause dramatic shortage of water for agriculture purposes in this part of the oasis.
